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Theeffectsof

slllMARY

approximately50-percent

OF

andI.Wolock

biaxialstretch-forming
on thetensileandcrazingpropertiesofpolymethylmethacrylatewere
investigated.Themateriabusedwerecommercialcastpolymethyl-
methacrylatesheets,nominally0.15inch’thick,ofbothgeneral-purpose
andheat-resistantgrades.Portionsofthesheetswerebiaxially
stretch-formedby meansof a vacuumformingvessel,whichhadbeen
designedtoproduceflatuniformlystretcheddisksof 10-inchdiameter.
Specimensfromtheformedpiecesaswellas fromtheunformedportions
of thesamesheetsweresubjectedto varioustestsincludingstandard
tensile,stress-solventcrazingwithbenzene,long-the tensile loadingj .
andacceleratedweathering.

Theresultsindicatethatbiaxiallystretch-formingpolymethyl
methacrylateapproximately50percentdoesnotaffectitstensile
stren@hor secantmodulusofelasticityintension.However,the
totalelongationandthestressandstrainattheonsetof crazingin
theshort-timetestsweregreatlyincreasedby thestretch-forming.
Theformingalsoincreasedthethresholdstressofstresscrazingabout
40 percentforloadingtimesup to7 daysandincreasedthethreshold
stressofstress-solventcrazingwithbenzeneabout70to 80percent.
Itwasobservedinthelong-timetensileteststhatthecrazingcracks
weremorecloselyspacedandfineron formedas ccxoparedwithunformed
specimens.

INTRODUCTION

Although
preparedby a

polymethyl-methacrylateglazinginaticraftisfrequently
formingprocesswhichstretchesthematerial,thereis

littleinformationreportedontheeffectof thisstretch~gonthe
tensileandcrazingpropertiesofthematerial.Somedataofthistype

‘ wereobtainedatNorthropAircraftjInc.(reference1). Tensiletests
u

.
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weremadeonspecimenstakenfrompiecesof.polymethylmethacrylate ● —
thathadbeenstretcheduniaxially.

.-
Thepieceswerestretchedabout -“

60percentwhileat265°F andcooledwhileheldat thiselongation.
—

Itwasfoundthatatbothroomandsub-zerotemperaturesthespecimens P

orientedtransverselytothedirectionofstretchwereappreciably
weakerthanthelongitudinalspecimens;alsoatroomtemperaturethe
latterspecimensshovedappreciablepeimanentsetincontrastto the
former.

Theeffectsofhot-stretch-formingonpolystyrene,a materialsome-
whatsimilartopolymethylmethacrylateinformiigbehavior,havebeen
reportedbyBailey(reference2). Itwasfoundthatuniaxialstretching
of severalhundredpercentgreatlyincreasedthetensilestrength,the
elongationat failure,

.T
andthe~’crazingstrength”linthedirectionof

stretch;thetensilestrengthwasgreatly”reducedperpendiculartothe
direction-ofstretch.Alsothetensilestrengthofsheetshot-stretched ““- _
firstlongitudinallyandthentransverselyroughly 200percentwas
reportedas greatlyincreasedforbothdirections.

Theexpermen~sthataredescribedinthisreportwere madeto
gainmoreinformationon theeffectof formingonthecrazingandother #“
propertiesofpolymethylmethacrylate.Thepropertiesdeterminedon
bothformedandunformedpiecesof sheetmaterialincludedtensile

-J

strength,totalelongation,strainandstressat theonsetofstress %
crazing,thresholdstressforstress-solventcrazing,andresistanceto
weathering.

Themajorportionoftheworkwasdoneonmaterialstretched ‘
biaxiallytoanelongationofabout50percent;thatis, about 50 per-

-.

centinalldirections.A fewexperimentswerealsomadeonpieces
stretchedslightly,about7 to20percent.Thisworkwascarriedout
asonephaseofa researchprogramwhosepurposeistoinvestigate
factorsaffectingthecrazingandstrengthpropertiesof laminated

.-

acrylicglazing.Theresearchisbeingdoneat theNationalBureauof
Standardsunderthesponsorshipandwiththefinancialassistanceof
theNationalAdvisoryCommitteeforAeronautics. ●

The courtesyofE. I. duPentdeNemours&Co., Inc.,andthe
Rohm&HaaSCo.,Inc.,infurnishingmaterialforuseinthisinvesti-
gationandoftheLockheedAircraftCorporationfortestingsomepieces
formedinthislaboratoryisgratefullyacknowledged.Theauthorsalso.

---

greatlyappreciatetheadviceandinformationreceivedfromMr.R.E.
—

lJsaryandMr,W,F. Bartoeofthetwocompanies,respectively,andfrom
—

Mr.WendellKochoftheAirMaterielCommand.Theassistanceof

‘In“reference2 thetestconditionswerenotindicatednorwasit 4.
specifiedwhetherthe“crazing Strengthff wasa stress-crazingora
solvent-crazingthreshold. N“.
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. Mr.M. N.Geib,whodesignedthelong-timeloadingapparatus,of
Mr.A. Pennin@on,whodidmuchoftheconstructionoftheequipment,
andofMr.JohnMandel,whoadvisedon statisticalmatters,isalso.
acknowledged.

MATERIALS

Thematerialsusedwerecommercialcastpolymethyl-methacrylate
sheetsapproximately0.12to 0.15inchinthickness.Thesamplesused
forallexperimentsexcepttheexploratoryworkwereobtaineddirectly
fromthemanufacturersandweremaskedononesideonly,as isdone
forsheetsusedtomakelaminatedacrylicglazing.Thesesamples,
whichincludedboththegeneral-purposegradeandtheheat-resistant
grade(definedinreference3),consistedofone36-by 48-by
0.15-inchsheetfromeachof threeproductionruns. Theyare referred
tosubsequentlyas “representative”-samplesandareiden~ifiedas
follows:

Material Grade Datereceivedsample

Lid LuciteEC201 Generalpurpose g/kg

L2d LuciteHC202 Heatresistant , 9/49

Pla PlexiglasI-A Generalpurpose 10/49

P2a PlexiglasII Heatresistant 10/49

APPARATtX3ANDPROJEDURE

FormingProcess

Equipmentandprocedure.-A vacuumformingapparatuswhichwould
produceflatbiaxiallystretcheddisksabout10inchesindiameterwas
designedfollowingsuggestionsofferedbyMr. W. F.Bartoeofthe
Rohm& HaasCo.,Inc.

A schematicdiagramoftheformingequipmentisshowninfigure1.
&.- Inthisapparatusa sheetofacrylicmaterialA heatedtotherubbery

stateisclampedtotheflangeofthecylindricalformingvesselB.
k
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A partialvacuumis
an evacuatedtank.
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createdinthevesselby connectingthelatterto
Thepressuredifferential,controlledby theplug

valveC, drawstheunclampedpartofthesheetintothevessel.The
formD, an open-endcylindricaltubea littlesmallerindiameterthan
theformingvesselandconstrainedby theguideE, isinsertedinto
thevessel.Thepressuredifferentialisthenremovedquicklyby
admittingairthroughtheylugvalveF, sot~atthestretchedacrylic
sheetshrinksabouttheendoftheform.Thesheetcannotretract
completely;thecentralportionremainsuniformlystretchedacrossthe
openendoftheform.Theformedacrylicsheet,shapedlikea tophat,
iscooledtoroomtemperatureinthevesselbeforeremoval.

Inpractice,theformingoperationisdoneas quicklyaspossible
sothattheacrylicsheetwillstillbe intherubberystatewhenthe ‘
pressuredifferentialisremoved;thetimefromremovalofthesheet
fromtheovenuntilfo~ingis completeislessthan1 minute.As an
additionalaidto forming,theflangeoftheformingvessel,a ringof
0.5-inch-thickpaper-basephenoliclaminate,ispreheatedwithInfrared
lamps;thiskeepstheportionof theacrylicsheetneartheclamped
edgeina rubberystate.

Theformingapparatusisshowninfigures2 and3 afterthefol-
lowingmodificationsweremadetopermitmuchdeeperdrawing:(1)The
flangewasbuiltupwithplywoodtopreventtheformed sheetfrom
strikingthebottom.(2)Theentireformingvesselwasheatedthrough
a flexiblepipecoupledto theoveninwhichtheacrylicsheetwas
heated;thepi~e,as shown.infigure2,wasattachedinsidetheform
sothatduringtheformingoperationhotairwouldbe directedagainst
thecenterofthesheettopreventitfromcoolingtoorapidly.(3)A
flexiblepipe,preheatedintheoven,wasattachedtotheair inlet of
theformingvesselsothat,whenthevacuumwasdissipated,theincoming
airwouldnotchillthestretchedacrylicsheet.

Uniformityof formingandequationforelongation.-To determine
whethertheamountofstretchingisuniformoverthefaceof the
biaxiallystretchedpieces,thefollowingexperimentsweremade:A
10-inchdiskofLuciteHC201,whichhadbeenbiaxiallystretched
150percentafterheatingto 140°C,wasmarkedoffin l-inchsquares,
thenheatedto 140°C, andallowedtoassumeitsoriginalsize.The
lineson theresultingdiskwerestillequidistantwithin*9percent,
Sincethestandarddeviationofthemeasurementandmarkingerrorswas
alsoofthisorderofmagnitude,thisindicatesthattheamountof
stretchj.ngwasreasonablyuniformoverthefaceofthedisk.Next,
anotherpieceofLuciteHC201wasmarkedwitha squaregridhavinga
spacingof 15millimeters;thepiecewasthenbiaxiallyhot-stretched
toanelongationof 150 percent.Thelinesontheflattopofthe
stretcheddomewere.stil.lequidistanttowithin+5percent,theexperi-
mentalaccuracy,verifyingthatthestretchingwasreasonablyuniform.

#

k-

—

4.

.
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* Theformulausedforcalculatingtheamountofbiaxialstretching
ina formeddiskis

.

where e istheelongationinpercentand ti and tf arethe
initialandfinalthicknesses,respectively.Thisformulaisbased
on thefactthatthevolumeofthematerialremainsessentiallycon-
stantonstretching.

Thispropertyofthematerialswasverifiedbymeasuringthe
densityofa smallpieceofboth160-percent-formedandunformed
materialfromeachofthefoursamples.ThesampleofLuciteHC201
showeda decreaseindensityof0.8percentas a resultof formingto
160-percentstrain.Theotherthreesamplesshoweddensitychanges
of lessthan0.2percentasa resultofthisamountof stretch-forming.

s StandardTensileTest

Thestandardtensiletestsweremadefollowinginmostdetails.
MethodNo.1011ofFederalSpecificationL-P-406a.Thetesting
machineusedwasa 2bO0-pound-capacityBaldwin-Southwarkhydraulic
universaltestingmachine.Autographicload-elongationrecordswere
obtainedwitha nonaveragingSouthwark-Petersextensometer,ModelPS-6,
coupledtotheassociatedrecorderonthetestingmachine.In these
teststhethresholdofst~esscrazingwasnotedvisuallyby an observer
whoMediatelyapplieda suddenmomentarypressureto thesensitive
crossheadtocausea jogintheload-elongationrecord.Thestrain
andthestressat thisthresholdcouldthusbe readilyobtainedfrom
therecord.Theobserverviewedthecrazingagainsta darkbackground
usingnorthdaylightor fluorescentlight.

Thecross-headspeedwas0.05inchperminuteupto 10-percent
. elongation;thestraingagewasremovedat thispointandthespeed

increasedto 0.25inchperminutewithfurtherelongationmeasured
withdividers.

Thespecimensweretestedinthestandardatmosphere,23°C and
50-percentrelativehumidity,afterconditioning2 weeksinthis
atmosphere.

a Stress-SolventCrazingTest

Inthestress-solventcrazingtests,taperedtensilespecimensof.
thesamedimensio~as thelong-thetensiletestspecimensdescribed
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inthenextsectionwereplacedunderloadinthe
machine,benzeneapplied,andtheloadmaintained
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hydraulictesting ~
for4 minutes.From

preliminarytrialsonotherspecimens,theloadsonthesespecimens
wereselectedtoproducecrazingovera part-ofthetaperedportion. P
Thetwospecimensofeachformedorcontrolpieceweretestedwith

—

slightlydifferentload=inaneffortto locatethethresholdat dif-
ferentpartsofthetaperedportionoftheSpecimen.

—

Thebenzenewasappliedtothespecimenas follows:A controlled
amountofbenzene,0.03toO.@!gram,wasputona No.l“cameltshair
brush(about0.1in.indiameterand0.5in.long)froma markedglass
dropper.The central1/4-by 3-inchportionofthespecimenwas
strokedwiththebrushuntilthelatterwasdry. Subsequently,the
solvent-crazedspecimenswereexaminedundersuitablelightingand
theextentofthecrazingnoted.

Thestress-solventcrazingtestswere~de inthestandardatmos-
phere,23°C and50-percentrelativehumidity,onspecimensconditioned
at least1 weekinthisatmosphere.

Long-TimeTensileTest

Thelong-timetensile-loadingcabinetfortestingathigh(about
95-percent)relativehumidityisshowninfigures4 and5. A similar
cabinetwithouta frontcoverorblowerandwithan interiorinstead
ofexteriorlightwasusedfortestsat50-percentrelativehumidity,
theconditioninthecontrolled-atmospherergominwhichthecabinets
werelocated.

Ineachcabinetfourspecimenscanbe testedsimultaneously.The
loadonthespecimenisa~pliedby a 300-po~d-capacityweighbeam
througha.turnbuckle.A pairofalinementholesineachendofthe
specimenandanalinementholeandanalinernentpinintheclamp,as
shownonthespecimenattheleftof figure,4,facilitatealiningthe
clampsandspecimen,Thespecimenisfastenedtotheclampsandthen
putinplaceintheloadingframe.Theloadisappliedthroughan
S-hookonthebottomclampanda thinmetalstrapatthetopclamp.
Theloadinthespecimenismade.axialas follows:Witha lightload
onthespecimen,thestrapandtheS-hooka~eshiftedlaterallyon
theirrespectiveloadingpinsuntila straightedgeindicatestheclsmps
areparallel.Thefullloadisthenappliedmd theparallelismof
theclampscheckedandadjustmentsmadeifnecessary.Thealinement
detailsarecriticalas otherwisestresscrazingoccursmuchsooneron
onefacethanontheotheroralongoneedgeratherthanacrossthe
widthof thespecimen.

“

—

—

A ‘“

.
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* Thehumiditycabinet(fig.4)hasa blowerwhich,for%,-percent
relativehumidity,directsairagainstclothwicksdippingintoa tray
ofwater.If lowhumidityisdesired,thewatertrayandwickscanbe.
replacedwithtraysofsilicagel. Therelativehumidityisreadily
measuredwithwet-anddry-bulbthermometersplacedneartheexhaust
partoftheblower(seefig.4). Therelativehwnidityismaintained
at 95* 2 percent.

To preventtheairtemperaturefromrisingmorethana fraction
ofa degreeabovethetemperatureoftheroom,itisnecessaryto
operatetheblowerintermittently;inpracticeanautomaticcontroller
turnsiton forabout10secondsoncea minute.Alsotoavoidheating
ofthecabinet,thefluorescentlightsusedforobservingcrazingare
placedjustoutsidea windowinthetopof thebox. Mirrors,mounted
behindandslightlyabovethespecimens,directthelightagainstthe
latterwhichareviewedagainsta blackfeltbackground.Foreach
weighbeama timeclock,controlledby a microswitchontheweigh-beam
stop,servesto indicateeitherthetimeof failureor thetimewhen
theweighbeamrestsonthestopbecauseofspecimencreep.

R Thetensilespecimenusedforthelong-timeloadingtestshada
3-inch-longreducedsectiontapered,uniformlyinwidthfrom0.50inch
at themaximumcrosssectionto 0.33inchat theminimumcrosssection.
Theradiiat theendsof thereducedsectionwere3 inches.Inthis
waythestressinthereducedsectiondecreasedfroma valueof a. at
theminimumsectionto 2/3U. at theotherend. Thetimefortheonset
of crazingfordifferentstresseswasfoundby observingthespecimen
periodicallyandnotingtheextentof thecrazing.Someofthedetails
of thetestprocedurewere-asfollows.Thespecimensbeingtestedwere
observedwiththeunaidedeye,andinadditioninthetestson the
representativesamplesnearlyallspecimenswerealsoobservedwitha
20-powerBrinellmicroscope.Themicroscopewasmountedat theproper
angleforobservingthecrazingandso as topermitverticalmovement
(seefig.5). Observationsof theextentandnatureof crazingwere
madeseveraltimeson thefirstdaytheloadwasapplied,thengenerally
dailythroughthefifthday,sndonceon theeighthday,afterwhich
theloadwasremoved.Theextentofthecrazingfromtheminimumcross
sectionwasmeasuredwith~ paperscaleto thenearestmillimeter;this
correspondstoanaccuracyofbetterthan1 percentwhenconvertedto
stress.Theobserveddataontheextentof thecrazingwereconverted
intostressvaluesandthelatterwereplottedagainstlogarithmictime.

Specimenstestedat 50-percentrelativehumiditywereconditioned
at thathmidityat least2 weekspriorto testingwhilethosetested
at 95-percentrelativehumiditywereconditioned1 weekat thelatter

s humiditybeforetesting;thetesttemperaturewas23°C.
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Theaccelerated

AcceleratedWeatheringTest

weatheringtestemployedwas

NACATN 2779

thesun-lampand
fog-chambertype. ThistestwasmadeinaccordancewithMethod
No:6021,FederalSpecificationL-P-406a,exceptthatitwascarried
outfor480hoursinsteadof24ohours,therecommendedtime.

Lighttransmissionandhazemeasurementsweretakenbeforeand
aftertheweatheringtestusinga Gardnerpivotable-spherehazemeter,
followingtheprocedureinA.S.T.M.MethodNo.D1OO3-49T.

To permitthemeasurementofshrinkagescratcheswereruledon
eachspecimenabout2 inchesapartbeforetheweathering.Thescratches
weremeasuredwith-asteelrulegraduatedtohundredthsofan inch. In
measuringthedistancebetweenscratchesa 7-powermagnifierwasused,
thedistancebeingestimatedto0.001inch.

DegreeofFormingofRepresentativeSamples —

Exploratorytestsweremadewithpiecesofacrylicplasticsheet A
biaxiallystretchedslightly,7-to20-percentelongation,andmoder-
ately,about45percent.The latter elongationi$anamountthatmay
bl?attainedatsomelocationsinfo~edaircraftenclosures(refer- “-
ences4 and 5).2 Theresultsof tensileandstress-solvent-crazing
testsindicatedthatthecrazingproperties,.suchas thresholdof
stresscrazinginthestandardtensiletestandthresholdstressfor
stress-solventcrazing,wereunaffectedoronlyveryslightlyaffected
bybi~ialstretching7 to20percent.3However,forthe4~-percent-
stretchedpiece,thecrazingpropertieswere_considerablychanged;
forexamplethethresholdstressforstress-solventcrazingappeared
to increaseabout50 percent.Accordinglyitwasdecidedto formpieces
fromeachsheetoftherepresentativesamplestoanelongationof
approximately50 percent.

Onepiecewasformedfromeachsheet.Thepiecetobe formedwas
heatedinan oventoa temperatureof 120°or lb” C, dependingon
whetherthematerialwasgeneral-purposeorheat-resistantgrade.Four
standardandfourtaperedtensilespecimensandanaccelerated-weatheri_ng
specimenweretakenfromeachdisk..4nequalnumberof controlspeci-

.—

menswerecutoutofeachsheetfroma locationadjacenttothepiece
usedforforming.

% thereferencesmentionedthereductioninthicknesswasreported,
nottheelongation;theelongationswerecalculatedusingtheformula,
equation(l). A

31twasinterestingtonotethattheelongationat failurewas
increasedto theorderofabout20 percentby theslightstretching.
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e Whileitwasdesiredto obtainthesameamountof stretchto
withinabout5 percentonthethreeformedpiecesofa sample,the
actualvariationinelongationbetweendiskswasgreaterthanthis

. amountexceptforsamplePla. Thevaluesforindividualdisks,based
ontheformula,equation(il.),areas follows:

NESsample Biaxialstretchofthreedisks
(percent)

Lld 48,56,57

L2d 49,54,69

Pla 57,58,61

P2a 44,50,56

RESULTSANDDISCUSSION

StandardTensileTests

9

Results.-Theresultsofthestandardtensiletestsontheformed
andtheunformedportionsof thefourrepresentativesamplesareshown
intableI. Figure6 illustratestheappearanceofthefractureson
brokenspecimensof formedandunformedmaterial.

.
Thetensilestrengthandsecantmodulusofelasticityofthefour

ssmplesofpolymethylmethacrylatewereunaffectedby stretch-forming
toabout50-percentelongation.Theelongationat failure,as inthe
exploratorytests,wasgreatlyincreasedby forming,fromapproximately
10percenttoabout60percent.Thevaluesforspecimenswhichfailed
at a strain-gageknifeedgeorlmife-edgemarkarenotedintableI
althoughmostof thesevaluesareconsistentwiththeothervalues.

Thestrainat thethresholdof crazingalsowasincreasedgreatly
as a resultof theforming.In fact,forsamplesL2d,Pla,andP2a,
at leasthalfofthespecimensshowedno stresscrazingupto rupture.
Crazingonotherspecimenswasverylightorwasobservedonlyat
accidentalfingermarks.

Discussionof fracturebehavior.-It isof interesttoconsider
g thef~acturebehaviorandthefracturemechanismintheformedand

unformedmaterial.Firstitwasnotedthat,whilethespecimensof
theunformedmaterialcommonlyfailedat 5-to 10-percentelongation
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withthefractureapproximatelyflatandnormalto thetensileload,
asshownbyA infigure6,occasionallya specimenexhibiteda much

.

greaterel-ongationlsomettiesacsompniedbyan obliquefract~e(Bin
fig.6). P

Next.it.wasobservedthattheformedsp~cimensasshowninfig-,
ure6 (C,D, E, and F) hada laminarfract=e.TheI.aminarfracture
of formed-materialindicatesthatthesegmefitsofthepolymermolecules
havea preferredorientationintheplaneofthesheetthusfavoring
fracturepropagationonplanesnearlyparalleltotheplaneofthe
sheet.Intheunformedmaterialthesegmentsofthepolymermolecule
areassumedtobe,randomlyoriented. ,-

Althoughitisnotreadilyseenfromfigure6,onthefracture .-
surfaceofeachspecimentherewasa smallrnirrorlikeareaoriented
perpendicularlytothetensileload.Onspecimensof unformedmaterial
themirrorareawasdiffuselybounded;-ontheformedtheboundarywas
sharp.Themirrorlikeareawasof theorder-ofa millimeterindimen-
sionsandwasalwaysfoundextendinginfromtheedgeof thecross

—

section.
.—

Onunformedmaterialthisareawaslocatedatthecornerofthe
@

crosssectionformostofthespecimens;intheotherinstancesitwas
foundeitherextendinginwardfromthecastedgeorfromthemachined g
edge.At cornerlocationsthemirrorwasroughlya quadrantofa .-

circleandatedgesitwassemicircular.

Onspecimensof formedmaterialthemirrorareawaslocatedat a
corneronalmostallofthespecimens;however,ontheotherspectiens
themirrorswerelocatedonlyat themachinededge.At cornerloca-
tionsthemirrorareawasalmosta righttriangle,withthehypotenuse
a convexcurveinsteadofa straightline;theareaextendedmuch
fartheralongthecastedgethanalongthe~chinededge.Whenlocated-
ona machinededgethemirrorareaappearedtobe somewhatlessthana
semiellipsewiththemajoraxisnormaltotheedge. Intestinga
formedspecimenusuallysomeedgecracksap~”arednormaltotheedge

..
afterthematerialhadbeenstrainedconsiderably.Thesecracksbecame
largerasthespecimenwasstretchedfurther-landat failuethefrac-
tureappearedto gothroughoneofthem. In figure6 twosuchcracks
areevidentonthe..leftedgeofspecimenC j~t abovetheidentifying
letter.Suchcracksreflectlightsimilarlyto largeCrazingCraCks,
indicatinga mirrorlikesurface.Also,thelargeedgecracksextend
fartherinthedirectionofthecastsurfacethaninthethickness,
directionas inthecaseofthemirrorareasonthefracturesurface.

.

.
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. Forthisreasonit isquiteplausibleto expectthefractureinspeci-
mensoftheformedmaterialtostartat suchedgecracks.4

. Fromthefracturebehaviorof specimensof unformedmaterial,
discussedbelow,itislogicaltosupposethatthefractureinsuch
materialalsobeginsinthemirrorareaandthatinthismaterialthis
areaisan extensionofa crazingcrack.

Theexperimentalevidencewhichsuggestedthatthefracture
startedatthemirrorareaisas follows:Thefractureswereexamined
ona largenumberof unformedtensilespecimenswhichweresolvent-
crazedandthenbroken.Thetensiletestsweredoneinconnection
withanotherphaseof thisinvestigationon crazing(reference6). The
specimens,of thestandardtensiletype,werewettedwithbenzenewhile
undera load;thesolventwasappliedtothecentral1/4-by 2-inch
portionof onefaceofthereducedpartof thespecimen.Onallthe
specimensinspecteditwasnotedthata semicircularmirrorlikearea
waspresenton thefracturesurface;thisareawaslocatedwithits
centerat ornearthesolvent-crazedsurface.It isplausibleto
supposethatthismirrorareaisanextensionofa solventcrazecrack,

* andhencethatfractureis initiatedat sucha crack.Thishypothesis
wasstrengthenedby comparingthelocationofthefracturesona num-
berof thesespecimenswithphotographsofthesolvent-crazedspecimens

. takenpriortobreaking.Inallcases,thefracturewasfoundtopass
througha crazingcrack.Visualevidencetojustifyfurtherthissup-
positionwasobtainedina differentportionoftheinvestigation,the
resultsofwhichareasyetunpublished.Inthiswork,experimentswere
madeon severaldifferentcastpolymethyl-methacrylatesheetsofviscos-
ityaveragemolecularweightsrangingfrom90,U)0to 3,000,000.In
stress-solventcrazingtestson low-molecular-weightmaterial,oneora
fewlargecrazingcracksdeveloped,andthespecimenswereseento fail
by therapidgrowthofonecrazecrack.It shouldbe notedthatsol-
ventcrazingreducesthetensilestrengthofthespecimens(reference6).

Sincetheevidenceonthesolvent-crazedspecimensstronglysug-
gests fracturepropagatingoutwardfromthemirrorareawhichoriginates
ata crazingcrack,andsincesimilarmirrorareasextendinginfrom
theedgearefoundinstandardtensilespecimensthatarenotsolvent-
crazed,itseemsreasonableto conclude,as previouslynoted,that
failurebeginsatthesurfaceof thespecimenandthemechanismsof
fractureandcrazingarecloselyrelated;Indeed,onemightgo further
andsaythatinthespecimensof unformedmaterialthatarenotsolvent-
crazedthefracturefirststartsata stress-crazingcrack.Inthe

41nthisreporttheseedgecrackshavesomewhatarbitrarilybeen -
●

4 consideredas distinctfromcrazingcracks; alsoanyfinecrazingon
machinededgeswasdisregarded.Thereasonisthatsuchedgecracks
andcrazingaredependenton themachiningof thespecimensandcould
possiblybeminimizedor causedtobeginathigherstrainsby varying
themachiningtechniqueorby properlyannealingthespecimens.
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formedspecimens,whichfrequentlydo
fractureof’thespecimensisdelayed,
strainthanintheunformedmaterial.
probablyhigherat ornearfailurein

NACATN2779

notexhibitstresscrazing,the. %
thatis,occursat a muchhigher

—

Furthermore,thetruestressis *
theform~dmaterialthaninthe —

unformedas”wasactuallyfoundina fewtests.>

Thedifferenceinappearancebetweenthemirrorpartof the
fracturesurfaceandtherougherportionmaybe associatedwitha low
velocityof fracturepropagationat theformeranda highervelocity
intherougherportion.Suchan explanation-ofthefracturebehavior
of glassisdiscussedbyMorey(reference7) inhismonographon glass.

J-

Thefactthatonthebrokenspecimensof formedmaterialthe
mirrorareahada smallerdimensioninthedirectionperpendicularto
ratherthanparalleltotheplaneofthesheetor laminaesuggeststhat
therateofcrackgrowth,andperhapsthesubsequenthigh-speedfrac-
turetoo,issloweracrossthelaminaethanparalleltothem.

HsiaoandSauer(reference8),whostudiedcrazinginspecimens
ofpolystyrene,presenta differentpicture.oftherelationbetween
crazingandfracture.Theyconcludethatthefracturecracksof the

.-n
materialarenotthesameas crazingcracksandthatthesourceof
fractureisusuallysomeflawinthematerial,andnotoneofthe
crazingopenings.However,itwouldseemreasonableto expectthat,

●

sincethecrazingcrackproducesa stressconcentrationat itsapexj
thesubsequentfracturewouldbe initiatedattheapexofthecrack. -
A microscopicexaminationofthefracturesurfaces,suchas carried
outby Kiesandhiscoworkers(reference9) onseveralmaterials,
wouldpossiblyclarifythesituation.

Stress-SolventCrazingTests

Thethresholdstressdataforthestress-solventcrazingtestson
thediskswhichwere50-percentbiaxiallystretchedareshownin
tableII. Typicalspecimensofallsamples.meshowninfigures7
through10. Thethresholdwasdeterminedvisuallyusingtwocriteria.
Forthefirst,calledcriterionA, thethresholdwastakenas themaximum

.-

51ntheexploratoryworkwithspecimensofa diskbiaxially
stretchedtoh~-percentelongation,theload-elongationgraphwas
takenoutto 50-percentstrainwitha low-magnificationrecording

—

straingage.Afterthemaximumloadwasattained,ataboutk-percent
strain,theloaddeclinedwithincreasingstraintoaboutfour-fifths
of itsmaximumvalueandthenremainedalmostconstantoutto50-percent,
strain,thelimitof elongationofthestraingage;at thispointthe ,*
loadwasincreasingslowly.Sincethevolumeof thematerialremains
practicallyconstantintheplasticrange,thereducedcross-sectional
areacanbe calculatedfromthestrainandthetrue stressthenderived.

-F—

Itwasfoundthatthetruestressat50-percentstrainwasabout10per-
centgreaterthanat themaximumload.
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. stressbelowwhichtherewasnoregulerdistributionofcrazingcracks
visibleto theunaidedeye,theisolatedcracksbeingdisregarded;this
wasthesamecriterionaswasusedintheexploratorytests.Forthe. second,criterionB, thethresholdstresswastakenas themaximumstress
belowwhichno crazing crackswerevisibleto theunaidedeye.

As mighthe expected,theaveragethresholdcrazingstressobtained
by criterionB wasslightlylessthanby criterionA. Theprincipal
resultsas obtainedby thetwomethodswereinagreement,however,and
areas fdllows:

Theaveragethresholdcrazingstressforgeneral-purpose-grade
polymethylmethacrylate,crazedwithbenzeneby theproceduredescribed
previously,wasabout2000psiforunformedandabout3400to 3800psi
forthesheetswhichwere50-percentbisxiallystretched.Thecorre-
spondingvaluesfortheheat-resistantgradewereabout3000psiand ‘
5000to 60M psi,respectively.Thisrepresentsan improvementof
from70to &)percentforeachgrade.

Notonlydidtheformedspecimensexhibithigherthresholdstresses
● thantheunformedbutalso-therewasa tendencyforthecrazingcracks

tobe somewhatfinerandmorecloselyspacedon theformedspecimens.
Thiseffectof formingis illustratedinfigures7, 8,and10,for

. samplesLid,Pbj andP2a,respectively.

Long-TimeTensileTests

Threshold-stress-crazingdata.-Valuesof thresholdstressfor
stresscrazingat 1,10,and100hours,derivedfromplotsofthreshold
stressagainstlogarithmictime,aregivenintableIII.

Theplotsofthresholdcrazingstressagainstlogarithmictime
wereingeneralapproximatelylinear.Oneoftheseplotsisshownin
figure11to illustratethetypeof graphobtainedfromthedata.For
mostspecimenstheextentof crazingwasrecordedseparatelyforeach
faceofthespecimen,as thecrazingofte~progressedmorerapidlyon
onefacethanon theother.An examinationoftheplotteddatasho~dc
no consistentbehaviorofthemaskedrelativeto theunmaskedface.
Anyconsistentdifferenceintheextentof crazingonthetwofaceswas
accordinglyassumedtobe causedby a slightmisalinementofthespeci-
men. Insuchcases,a singlestr&ightlinewasfittedby eyeto the
dataforthetwofacesandthevaluesintableIIIweretakenfrom
thisline.

c 61ne~r~nts describedinreference6, inwhich10SS of
strengthwasdeterminedas a result ofstress-solventcrazing,no
effectofmaskingpaperwasdetected..
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Theslopesoftheplotsofthresholdstressagainstlogarithmic
appearedtobe shoutthesameforallmaterialsandtestcondi-

tions.Theeffectonthethresholdstressof factorssuchas forming,
relativehumidity,sample,andgradeisindicatedbestby examining
the100-hourunaided-eyevalues,as thesearethemostnmerousand
precise.Thesevalues,takenfromtableIII,togetherwithvaluesof
theratioofthethresholdstressesfortheformedandunformedspeci-
mensofeachsamplearelistedbelow:

Crc at50-percent ‘C at 93-percent
relativehumidity relativehmidity

(pa;) (pE;) ‘c,Fac,F
sample Uc,u Uc,u

Formed,Unformed, Formed,Unformed,
F u F u

Lld 3750 2450 1*53 3350 <2500 >1.34

Pla >4000 3050 >1.31 >4000 2850 >1.40

L2d 5500 3300 I.67 b5000 3409 1.47

P2a 5750 4000 1.44 5650 4150 L 36

aAveragefortwospecimens.
~alue foronespecimenonly. ‘

Thestandarderrorofthestressvaluesshownaboveisoftheorderof
200psi,basedontheagreementbetweenduplicates.Thedatalisted
aboveindicatethatformingtoa biaxials~ainofabout50 percent
increasesthethresholdcrazingstressof allsamplesabout,40to 50p6r-
cent.FromtableLIIIitisalsoevidentthatthethresholdstressis
about30 to50percenthigherfortheheat-resistantthanforthe ~
general-purposegrade.Thedataarenotpreciseenoughtodeterminewith
certaintyanydifferenceinthresholdcrazin”gstrea-sdue-to-relative“-
humidityortomaterialofa givengrade.Itwillbe noticed,however,
thatthePlexiglasvaluesareconsistentlyhigherthanthoseforLucite
ofthecorrespondinggradeforbothformedQndunformedspecimens;in
allbut-oneinstancethedifferenceisat least10percent.

Threshold-stressvaluesobtainedwiththemicroscopewereusually
lowerthanthoseobtainedwiththeunaidedeyeasmightbe expected
(seetableIII).Occasionallytheunaided-eyereadingwaslowerthan
themicroscopevalue.Onereasonforthisisthattheangleoftilt
ofthemicroscopeisan optimmnforobservingcrazingneartheminimum
sectionofthespecimen;theangularrelationsofthelightsource,
crazingcracks,andmicroscopearechangedenoughnearthemaximum

.

.

.

—.

A

.

—

---

*

.
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maketinycrackslesseasilydetectedatthisloca-
theunaidedeyeitwasfrequentlydifficultto dis-

tinguishtheveryfinecrazingfromdustonthespecimens.
*

Appearanceofspecimensi-Theappearanceofthelong-timetensile-
loadingspecimensis illustratedby photographsofeachsetofspeci-
menstakenneartheendofthetestingperiod(figs.12through16).
Thespecimenswerephotographedwhileunderloadasthefinestcrazing
cracksusuallydisappearonremovalof theloadasnotedby other
workers.Twophotographsweretakenconsecutivelyofthesetof speci-
mensofssmpleLldwithdifferentexposuretimes.Thisenablesoneto
seethefinertypeofcrazinginthelongerexposure(fig.12)andto
seetheheaviercrazingintheshorterexposure(fig.13)withoutits
beingoverexposed.

Thethreshold-crazing-stressvaluesgivean incompletepictmeof
●theeffectofformingandothervariableson thecrazingbehaviorof
thematerials.Thus,thecrazingon theformedspecimens,whereit r
occurs,isusuallyfinerthenthatontheunformedspecimens.This
canbe seenfromthephotographs,figures12to 16,andisevenmore

4 evidentfroma visualinspectionofthespectiensthemselves.Also,
althoughthethresholdstressesat“~-andX-percentrelative
humiditydidnotdi~ferappreciablyingeneral,thenatureofthe

. crazingat thetworelativehumiditieswasmarkedlydifferent.The”
cracksat 95-percentrelativehumidityappearedfinerandmore.closely
spacedand were almost alwaysnoticeablyshorterthanthoseat the
lowerrelativehumidity(seefigs.13,14,and16especially).

Formostspecimensthelengthsofthelongestcrack~inthe
vicinityoftheminimumsectionweremeasuredwiththeBrinellmicro-
scope.A fewcracksofexceptionallength,appearingtobe twoor
morecracksjoinedtogetherortobe initiatedat veryfine,long
scratches,weredisre~ded. Thecracksmeasuredon theunformed
specimensafter100hoursat n-percentrelativehmniditywerefrom
0.4to 0.7milltieterlong;at ~5-percentrelativehumiditytheywere ‘
ingeneralabout0.1to0.3millimeterlong.Theformedspecimens,
inthefewinstanceswherethedatawereavailable(allonheat-
resistantmaterial),hadcorrespondingcracklengt~ofcloseto
0.2millimeterat the50-percentrelativehumidityand0.1millimeter
at the~-percentrelativehumidity.

Itshouldhe notedthattheformedandunformedspecimenscannot
be comparedon thebasisoftheabovecracklengthdatasincethe
cracksonthetwosetsofspecimenshadstartedat differenttimesand
thelengthofa crackapparentlydependsonthe“cracklifetime,”that

# is,thetimeelapsedunderloadsincethecrackappeared.Nevertheless,
whenthecracklifetimewastakenintoaccountthecrackson the
unformedspecimensseemedto growmorerapidlythanontheformed

.
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specimensevenwhenthestresswasappreciablyhigheronthelatter.
Forexample,ononeformedspecimenofssmpleP2aat x-percentrela-

.

tivehumidity,crackswerefirst.observedat theminimumcrosssection
(6000-Psistress) at about50hoursand,after50hoursof cracklife- .
time,thelongestcracksinthisareawerecloseto0.15milltieterin
length.Onthecorrespondingunformedspecimenswithonly5000-psi
stressattheminimumcrosss,ectionthecrackswere0.35to0.4milli-
meterlongforthesamecracklifetime.

—
Thedifferenceinlengthis

notasnoticeableonspecimensat %-percentrelativehumidity.

Anothereffectofthehighhumiditywasto increasetherateof
creepmarkedlyatthestressesusedinthelong-timetensiletests.
Someofthespecimensatthe95-percentrelativehumidityneckeddowr--
at theminimumsectionneartheendofthetestingperiod(seefigs.14,
15,and16). Theformedspecimensoftheheat-resistantmaterials
neckeddownsoonerthanthecorrespondingunformedspecimensas can
be seenfromthefigures;however,itshouldbenotedthattheseformed●

specimenshada 20-percent-higherstressthantheunformed.The
neckingdownoftheformedandunformedspecimensofsamplesLldand
Plaat thehighhumiditywasaboutthesue as indicatedby figures12
and15;thestressat theminimumcrosssectionwasthesameforall R
specimensofa sample.SamplePlaistheoglyoneofthefourmaterials
onwhichitwasnotpossibleto obtainvaluesofthresholdstressfor
stre$scrazingatthehigh“relativehumidity~at theloadsusedthe .
materialcreepsbeforecrazingcanbegin., .

DiscussionofMechanismofCrazing

Theeffectsofbiaxialstretch-formingonthecrazingbehaviorof
polymethylmethacrylateperhapsmaybe explainedqualitativelyona
molecularbasisas follows.IntheunformedstatethepoQmermolecules
areassumedcoiledinan approximatelysphericalshape;thechainseg-
mentshavenopreferredorientation.Intheformedstatethemolecules

● shouldbe somewhatuncoiledandina roughlydisklikeshapewiththe
chainsegmentsorientedpredominantlyintheplaneofthematerial.
Thefollowingmechanismofcrazing,somewhatsimilartothatproposed
byMaxwellandRahm(reference10)ispostulated.Thecrazingis
assumedtostartatthesurfaceat submicroscopicflawsor weakpoints.
Suchweak~ointsmaybe submicroscopicregionsinwhichby chancethe
polynerchainsegmentsareorientednormaltotheappliedtensile
stress.Withsufficientstressa separationbetween-portionsofadjacent
chainsoccurs;a stressconcentrationexistsattheapexofthecrack
andthelattergrowsuntilitreachesa regioninwhichthepolymer
chainsegmentsareorientedapproximatelyinthedirectionofthe .
tensilestress.Thecrackeitherdoesnotgroworgrowsslowlyunless
thetensilestressisgreatlyincreased.

‘b
Subsequentcrackgrowthmay

involverupture.ofprimaryvalencebondsespeciallyifthestressis
relativelyhigh,oftheorderof thetensilestrength. .
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. ‘ Theprocessofbiaxialstretch-forming,by
segments intheplaneof thesheet,reducesthe

17
-.

orientingthechain
proportionandsizeof

theweaknormallyorientedregionsandincreasestheregionsofpre-. dominantlyparallelorientation.Stateddifferentlythestretch-
formingmaybe saidto introduce“cleavage:’planesintheplaneof the
sheet.Thisorientationor introductionof cleavageplanesgreatly
impedesthedevelopmentandgrowthof crazingcracks. Thusj as noted
previouslyinthelong-timetensile-loadingtests,thecrazingcracks,
afterbecomingvisible,grewmoreslowlyon formedas comparedwith
thecorrespondingunformedspecimens.

Inregardtostress-solventcrazing,mechanismshavebeensuggested
by variousauthors(references11,12,and13)whichwhiledifferingin
someaspectsincludeasa factortheconceptofthesolventactingas
a plasticizer.By usingthisconceptthemechanismsuggestedabove
forstresscrazingmaybemodifiedto includetheinfluenceofsolvents
as follows.Thesolventmoleculespenetratingthesurfaceof the
polymertendtosurroundportionsofthepolymerchainsandreducethe
forcesrequiredto separatethem. Becauseofthisweakeninginfluence
of thesolventmolecules,at a surfaceflawsuchasa regionofnormal

● orientationofthepolymerchains,thestressconcentrationthatcan
be withstoodisreducedanda tinycrackdevelopsata lowerapplied
stressthanintheabsenceofsolvent.Thesolventmoleculesby. capillarityprobablyfillthecrackas itgrowsandcontinueto exert

t a weakeninginfluenceat theapex. Inthisconnectionithasbeen
suggestedby Hopkins,Baker,andHoward(reference13)thatanother
weakeninginfluenceat theapexofa crackisthefilmspreadi~g
pressureofthecrazingliquid:

Theeffectof forming”onstress-solventcrazingmightbe expected
tobe similartothatforstresscrazing.Thereductioninthenumber
andsizeoftheregionsofnormalorientationandtheincreaseinthe
regionsofparallelorientationshouldresult in higherthreshold
stressesfortheformedmaterial.Also,forformedmaterialas for
unformed,thecrazingstressshouldbe lowerinthepresenceofthan
intheabsenceofsolventowingto theweakeninginfluenceof the
solvent.

Theresults
weatheringtests

AcceleratedWeatheringTests

ofthe480-hoursun-lampandfog-chamberaccelerated
areshownintableIV. 4

Thelight-transmissionvaluesforallthematerials,bothunformed
4 andformed,are92.OA 0.1percentinitiallyand92.3+ 0.3percent

afterweathering.Whilethetransmissionvaluesareslightlyhigher
afterweathering,thedifferences,whichdonotexceed0.5percent,are

.
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consideredwithin
differenttimes.
forallmaterials
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theexpertientalerrorofmeasurementsmadeat .

Thehazevaluesareapproximately0.5+ 0.2percent
.—

bothformedandunformedandbeforeandafter
—

.
weathering.Inthisconnection,thespecimenswereinspectedvisually
aftertheweatheringtestbutno crazingwasobservedonanyof them.

For.allsamplestheshrinkageoftheunformedor controlspecimens
wasveryslight,averaging0.05to 0.1percent;theseyaluesareofthe”
orderofmagnitudeofthestandarderrorof-theshrinkagevalues.The
formedspecimensoi”theheat~resistat-gradesamplesshrankonly
0.2percent;however,similarspecimensofthegeneral-purpose-grade
samplesshranksomewhatmore,thevaluesbeing1 and2.3percentfor
PlexiglasI-AandLuciteHC201,respectively.

Mostof thespecimenswereslightlywarpedaftertheweathering
test. Ingeneraltheformedspecimensweremorewarpedthanthe
unformed,particularlyforthegeneral-purpose-gradematerials.

Thegreaterdimensionalchangesforfomedpiecesofthegeneral-
purpose-gradessmplesas comparedwiththeheat-resistantgradeare
notsurprisingforthefollowingreason.Thespecimentemperaturein
thetestisabout600+ 5°C whichisnotfarbelowthesecond-order
transitiontemperatureofthegeneral-purpose-gradesamples,namely,
75°to M“ C; thecorrespondingtemperaturefortheheat-resistant
gradeisabout94°to 9’5°C.7

—
—

#

.

.
AdditionalExperimentalWork

Verificationof theresultsobtainedinthislaboratoryby other
experimentersisdesirable.Someexperimentstowardthisendhavebeen
madeat theLockheedAircraftCorporationonspecimensfromtwo
biaxiallystretcheddisksfurnishedby thislaboratory(reference14).
TheLockheedresults,basedonthefewspec.igensavailable,agree
generallywiththoseobtainedat thislaboratory.Itwasfoundthat
stretch-formingincreasedtheelongationat failureandincreasedthe
resistancetostress-solventcrazingwithacetoneandisopropylalcohol}
thetwoliquidsused. Inaddition,inoutdoor-weathering-under-load
testsat stressesof2000and4000psi,itwasobservedthattheformed
specimensshowedgreatlyimprovedcrazingproperties;however,the
formedmaterialhada tendencyto creepmuchmorethancontrolmaterial.

8
.

7~esevalueswerederivedfromvolume-temperaturemeasurements
madeonthesesamplesover thetemperaturerangefrom25°to 110°!2;
a mercurydilatometerwasused.

.
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. PoSsilIleApplicationsofStretch-Forming

Theimprovementinthecrazingpropertiesofacrylicplasticsheet
. * producedbymoderate(50-percent)biaxialstretch-formingsuggeststhat

formedenclosuresmadefromprestretchedflatsheetsmayhavesuperior
crazingandstrengthpropertiescomparedwithenclosuresformedfrom
normalsheets.

Assumingthatthetechnicaldifficultiesofpreparingbiaxially
stretchedflatsheetsof thedesiredthickness,size,andoptical
qualityhavebeenovercome,theprocedureforpreparinga formed
enclosuresuchaaan astrodomefroma stretchedsheetcouldbe as
follows.Sucha sheet,slightlylargerthantheblankrequiredfor
theenclosure,isclampedorboltedneartheedgebetweentwostout
metalrings.To preventthesheetfromshrinkingto itsoriginalstate
theringsareleftinplacewhenthesheetisheatedpriorto forming
andwhenitisclampedtotheformormold. Inanastrodomeaspre-
parednormally,as forexsmpleby vacuumdrawing,thereisa maxhnum
anountofstretchandcrazeresistanceat theapexandnegligible
stretchandminimumcrazeresistanceat therim. Theuseofpre-

* stretchedsheetwouldhenceimprovethecrazeresistanceespecially
at therimwherecontactwithcrazingliquidsis quitelikely.

. As an alternativetousingprestretchedmaterialtoachieve
improvedcrazeresistanceat theedgeofacrylicenclosures,thereis
thepossibilityofpreparingan enclosure larger andmore”deeply
drawnthanrequiredandthenusingonlythecentralportionofthe
formedpiece.

Beforeinvestigatingthesepossibilities,however,it isbelieved
desirableto determinefirsttheeffectsofstretch-formingon other
physicalpropertiessuchas creep,abrasionresistance,natural
weatheringwhileunderload,impactresfitance,fract~e~der bullet
impact,andcrazingwithvarioussolvents.Forbothpracticaland
fundamentalreasons,theeffectsofhigherdegreesofstretchingshould
alsobe determined.

Someoftheeffectson
formingtoabout50 percent

CONCLUSIONS

polymethylmethacrylateofbiaxialstretch-
areasfollows:

1.Thestrainattheonsetof crazinginthestandardtensiletest
isgreatlyincreased;infact,intestsperformed,mostspecimensshowed
no crazing.Thetensilestren@handsecantmodulusofelasticityare
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unaffected.Theelongationatfailureisincreasedfromapproximately
10percenttoabout60 percent.

.

2.Thethresholdstressforstress-solventcrazingwithbenzene # .-
is increasedabout70to 80percentforbothgeneral-purposeandheat-
resistantgrades.

-T

3.In long-timetensiletestsofupto7 days~duxation:(a)The
thresholdstressforstresscrazingis increasedabout
forbothgradesofmaterialatboth50-and~-percent
and(b),thecrazingcracksproducedaresomewhatfiner
growinlengthmoreslowly.

Fromtheseeffectsitmaybe concludedthat:

1.Theeffectofbiaxialstretch-forming-onother

40to 50percent
relativehumidity;
andappearto

u

physicalprop-
ertiesaswellas theeffectsofhigherdegreesofstretchingshould ‘
be investigatedforbothpracticalandfundamentalreasons.

2. Theconsiderableincreaseintheelongationatfailureandin
thestress-crazingandstress-solvent-crazingthresholdofpolymethyl
methacrylateasa resultofmoderate(50-percent)stretch-formingsug-

X

geststhatformedenclosuresmadefromprestretchedflatsheetsmay
havegreatlyimprovedcrazingresistanceand.strengthproperties,pos- .
siblyto theextentthatacrylicglazingneednotbelaminated.~y
researchto developsuchenclosuresshouldprobablybe donewithheat-
resistant-ratherthangeneral-purpose-grade.materialinviewofthe ._
superiorstrengthandcrazingpropertiesoftheformergrade. ---

NationalBureauofStandsrds
Washington,D. C.,Oct.25,1951.
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Stressandstrainatthreshold I
of Crazing IB-d

stretch
~rcent)

(b)

Teneile
*—@h, w

(psi)

Total
longntio,
percent)

Km
mph

Sefxtltmaulus
(p3i)M8terial

3tresB,q
(psi)

% strati
G (percent) I(c)

4-42.86 2.4i 0.15
.88 2.9i0.3
.91 2.6● 0.1
.W 3.2i 0.1

lfometi

IcitaE2CU
Ucitem!202
lexiglasI-A
lexiglaaII

mmed:

~iteE201

Kite3B2202

LexiglasI-A

LexiglaaII

3.63● O.m X lti
Loo * 0.03
3.75*0.01
!).06*O.W

Lld
Ea
P18
P2a

Lld

L2d

P18

P28

?&o*En
DED● 100
7920+50
Imp● 170

8.8 -k1.2
14*3
19*7
7.6i0.4

f73*3

yg*k

6?*4

k9*3

$-/%3● 140
B3&2*la)
D’70● 103
#n *l&l

———_

..----—-

----——

.— —---

--
--
--
--

%

57

59

50

7830*w 3.6J● o.~ — Iery M@ crazing,
two Spscimens
creedat4~a
6.9percent,othsra
athandm%tb at
>10-percentstrain

g6y● 140 --- - Thraespecimensdid
notcraze;very
lightcrazingon
twospecti at
~7w=ent onone
at>10-percentstrain

&)30*$0

gg30*Lb l-imark6at>UJ-percent
6trem

%ats weremadeonet+dardtemilespeck, FederalSpecificaticaL-P-bC@,MethodUo.1011,~ 1.

3.73● 0.C5

k.04*0.01

—- Four13pecfmm.aaid
Mt C=; ~ssible
veryfdntcrazing
ontwoapacim.ena

-—-ThreeBpeclmen6did
notcraze;very
ligjltCmzlngon
othersatma

Te8tingspsedwas0.5 h./reinupta10-percentelongation;stmlngageW8Sremvedatthis@nt andspeed
hmw8ed to0.25In./mtiwithfurtherelongationmeaanmlwithdividers.Testingwan&ma at& C and
m-p=rcentrelativahullaity.AU.reaultaaretheaverageforslxswcimenE,* EP”IMJMfrm eachshaet,
uulemotherwisenoted,plusorminustheetandarderror.Standarderrorwascalculatedtakingintoaccotmt
pwoibleexiatince of sheet-to-sheetvariations.

bA~r~ fortbraedtib.
%tressrangeusedforcalculationof secantmodulusw O to&@J Pi forLuciteE2Q1andPlexiglasI-A

andO to5C#JPI forLuciteE202andPlexiglasII.
@a npeclmenfailedatkifeedge,at5.l-~rcentelongation,
mm specimensftihaatbiife edges,at4.4-ma>pe-t ekmgatiom ~
fq%tt,gpec&us fut atknife-edgemexks,eachat77-percentelonse.tion.

●
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.
TABLEII.- TEIKESHOLDCRAZINGSTRESSESFORSTRESS-SOLVENT-CRAZEDSPECIMENS

OFPOLYMETHYLMETHACRYLATBFOFMEDBYBIAXIALStretching

I I Thresholdcrazing

NM 1-strei3e,Biaxial
Usc Rangeof Cro,max5nnm!

Material
(c)

6tretch stressapplied,for
ssmple (percent)

CriterionA

I I I I (P&)
(b)

Unformed:

ILld ILuciteHC201I -- I 2110* 40
L2d LuciteHC202 -- eX020 * 4.0
Pla PlexiglasI-A -- 2300* 150
P2a PlexiglgsII -- S2T0* 140

I Formed: I I
Lld LuciteHC201 54 f>33go* 150
L2d LuciteHC202 e>5550*280
Pla PlexiglasI-A ;; 389-i310
P2a PlexiglasII 50 e~yao* ~

T setofspecimens
CriterionB (psi)

(pS;)

2CO0t 50 2700-3000
%820+ 190 3000-3600
2120* 120 2400-3000
31.20*’160 3900-kx)o

f>3310* 130 3000-4500
‘=>5130* 3W 5600-6930
36se*310 4200-m

ea=jgo* no fimo-7200

—
,

.

aAcontrolled~out ofbenzene was appliedtoa camel’s~ir b~h; ‘hen
central1/4-by3-in.portionofonefaceoftaperedtensilespecimen,whichwas
underload,wasstrokedwithbrush.Specimenswereunderloadfor4minand
thenwereremovecifromtestingmachine;afterk to6 days theyvereexaminedfor
crazingthresholds.Crazingwasdoneina controlled-atmosphereroomoperatingat
temxratueof2soC andw-percentrelativehumidity.

bAverageforthreeformeddisks,onefromeachsheetofsample.
CZach~alueisaverageplusorminusstandarderror forsixspecimenswith

twospecimensfromeachsheet.Standarderrorwaskhlculatedtakingintoaccount
—

possibleexistenceofsheet-to-sheetvariation.
criterionA: Pointbelowwhichthereisnoregulardiatrlbutionofcrazing

cracksvisiblewithunaidedeye;tiolatedcracksaredisregarded.CriterionB:
Pointbelowwhichnocrazingcrackswerevisibletounaidedeye.

e~e specimendidnotcrazeunderloadapplied.
fTwospecimensdidnotcrazeunderloadsapplied. -
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mmple

Lld

L2d

Pla

P2a

N

TABLE Iv.. KBLWS @ ACChTJ!RA~
In

~HW TESTS ON POL~ MRITWRYLATE FORMEO IM BIAXIAL STWEKIIW1

L@.ht transmie.qion I Ha
(~3yt ) (p

I!reatanent (

(2) hit ial After 480 hr Initial
1 1

Average Rm.ge Avew Ran@ Average Range
1 ,

F 92.0 91.9-9’2.192.3 92.2- 92.4 0.7 0.3. 0.s

u ~.o 92.0-92.1g2.1 92.0- 92.s .4 .3- 0.5

F 92.1 92.1-92.2 SQ.6 92.5-92.6 0.4 0.3-0.5

u 91.9 91.9-91.9 p.1 91.7-92.5 .4 .4-0.4

F 92.1 92.0-92.2 92.6 92.>-52.6 0.5 0.4- o.~

u I92.0 191.9-92.1192.5 192.5-92.61 .4 I .4-0.5

F p. 1 92.1- 92.1 92.5 92.5- $G?.p 0.4 o.h- 0.5

u p.1 9.1-92.2 92.5 92,4-92.5 .4 .3-0.5

;e
:ent)
1)

Shrin$age
(PycJnt )

. .

After &&J hr
Average Range

Average Range

0.7 0.5- 0.8 2.3 1.0- 4.3

:3 .2 - 0.3 .1 0 - 0.2

0.4 0.3- 0.7 0.2 0.1: 0.2

.4 .3- 0.5 ,.05 0 -0.1

0.5 0.3- 0.7 0.2 0.1- 0.4

.3 ,2-0.3. :05 0 -0.1

3

1

1

1

2

0
-
1

1

l~mt of ~tmtchfig in fomg W& w to 60 percent; actual averages for each material are 6iven ~ ~bl@ III.

Weathering tests were made according to Method No. &)21 of Federal Specification L-P-kI& except that test- ttie
was h.&lhr instead of 2k0 hr. Each average la for three specimens, one from each of three sheets of each material.

%ode for treatmnt: F’,forued; V, unformed.
jLi~t t-m~eion ad ~ze ~~mmti were made with a pivotable-sphemhazemetar,accordingto A.S.T.M. 5

MsthodNo. DlC03-@T, ProcedureA.

%atance tetweenga~ markz approxhately 2 in. aprt w meaaured before and after test with a steel scale

G

end magnifying gla8a.

%krpge m cle.ssifled arbitrarily w follows: O, none; 1, slight; 2, scme; 3, considerable.
~tip :

;

. . . .
,,1 h ,,, ,,1

1, t,,
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VACUUM
TANK

Figurel.-Schematicdrawingofvacum formingapparatus.
A, plasticsheettobe formed;B, formingvessel;C, valve
to evacuatedtsak;D, form;E, guide;F, valvetoatmosphere.
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Figure2.- Vacuumformingapparatuswithsheetofacrylicplasticin
placereadytobe formed.
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Figure3.- Vacuumformingapparatuspartlydisassembledafterfomning
a sheetofacrylicplastic.Formedpieceison endofformwhich
isheldby operator.,



Fi~e k. - Interiorof long-timetensile-loaq cabinetused for
testing at high relativehwnid.ity.
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Figure 5.- Exteriorof long-timetensile.loadjngcabinetfor tewklngat
high relativehumidity.Frontof cabinetIs in placeand Brinell
microscopeon adjustableBtandIS Insertedin right-handwi@ow for
examiningcrazingof specimen.



Figure6.- Effectof biaxialstretch-fonn3mgto about~-percent
elongationon fractureof tensll.especimens.
A: ~ple p2a,not formed,6-percenttotaletingation
“B: SamplePla,notformed,5kper@nt.totalelongation
c: 2ampleLid,~y.percent formed,~-percent totalel-ongation
D: SamplePla, ~-percent formed,5Y-percenttotalelongation
E: sample12d, hg-percentfomed, 52-percenttotalelongation
F: SampleP2a, 55-percentformed,4&percent totalelongation
.
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Figure7.- Specimensofformedandofunformedportionsof sampleLld
afterstress-solventcraztigwithbenzene.Numberontopline
designatessheetfromwhichspecimenwastaken.Letterdesigna-
tionsare: U, unformedmaterial;F, formedmaterial;Uo,stressin
poundspersquareinchatminimumcrosssectionof specimen;USC,
thresholdcrazingstressaccordingto criterionB.

—— —
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Figure8.- Specimensofformedandofunformedportionsof sanplePIR
afterstress-solventcraztigwithbenzene.Numberontopline
designatessheetfromwhichspecimenwastaken.Letterdesigna-
tionsare: U, unformedmaterials;F, fomnedmaterial;O.,stress
inpoundspersquareinchatminimumcrosssectionof specimen;
a~c,thresholdcrazingstressaccordingtocriterionB. —
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Figure10.- Specimensofformedandofunfoimedportionsof sample.P2a
afterstress-solventcrazingwithbenzene.Numberontopline
designatessheetfromwhichspecimenwastaken.Letterdesigna-
tionsare: U, iuiformedmaterial;F, formedmaterial;ISO) stress

inpou@spersquareinchatminimumcrosssectionof spechnen;
us=,threshold”crazingstressaccordingto criterionB.
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Figure11.-A typicalplotofthresholdstressagainstlogarithmictime
obtainedfromlong-timetensile-testdataforunstretchedspecimen
of sampleP2a,testedat ~-percentrelativehumidity.
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FigureU. - Specimensfrcm sampleLid, formedand donned, after
6 days of tensileloadingwith 3750-psistressatmintiumsection.
Numberon top linedesi~tes sheetfromwhichspecimenwas taken.
letterdesignatiormare: u, unformedmterial; F, fomed ~terial;
R.H., relativehumi~ty.
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Figure13.- SpecimensehownIn figure34?after sametest conditions
but photographedwith one-fourthof previousexposure.Nmnberan
top line desigmtes sheetfromwhichspectienwas taken. Letter
designationsare: U, unformedmaterial;F, formedmaterial;
R.H., relatlvehmnidity.
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Figure 14.- Specimensfrom sample12d, formedand uuformed,after
4 days of tensileloadingwith 6000-and ~O+psi stressat
minimumsectionsof formedand uuformedspecimens,respectively.
Numberon top me designatessheetI’rmnwhich specimenwas
taken. Letterdesignatlonsare: U, unformedmaterial;F, formed
material;R.H., relativehumidity.

, , r
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Figure15.- Specimensfrom sampleP1.a,formedand uofomned,after
7 daysof tensileloadingwith bOOO-p8idress at mtiimumsection.
Numberon top 13nedesignatessheetfromwhich speclmenwaataken.
Letterdesigmtions are: U, unfonnedmaterial; F, formed material;
R.H., rel.attvehumidity.



Figure16.- Specime~ from sampleF2a,formedand unformed,@ter
1’daysof tensileloadingwith E@OO-and ~CWpsi stressat
minimumsectionsof formedand unfomed specimens,respectively.
Number on top lj.ne designates sheet from uhiti specimen was

taken,, Letter des&aations are: U, umfonned nuxterlal; F,
formed material; R.H., relative humidity.
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